Gastrointestinal Fe absorption is affected by a variety of factors such as luminal and mucosal factors. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] The luminal factors are, for example, the quantity, chemical forms, solubility, and interactions with ligands (endogenous and exogenous) of Fe compounds in the lumen of the intestine, and the mucosal factors are mostly related to the mechanism of Fe transport and kinetic parameters of the transport. In other words, the absorbability of Fe from Fe compounds depends on how the physicochemical properties of the Fe compounds are reflected in the above factors. For example, the difference in Fe absorption between Fe(II) and Fe(III) salts and the effects of ascorbic acid on Fe absorption have been explained mainly in terms of the solubility of Fe in the gastrointestinal tract.1,2,4)
As reported previously,15) we separated from wine Fe(II) complexes produced by yeast and found that the gastrointestinal Fe absorption from some of the complexes was excellent in rats. In this study, the physicochemical properties of the Fe(II) complexes showing such high Fe absorption were examined, especially in relation to luminal factors, using inorganic Fe salts as controls. In addition, the nature of the ligand of the Fe(II) complex having the highest Fe absorption was deduced from the results of instrumental analyses including infrared (IR), ultraviolet (UV), and visible spectrometries, elementary analysis and colorimetry. Vol. 35 (1987) Materials and Methods
Preparation of Fe Complexes
The Fe(II) complexes were prepared by the method described in our previous report.15) After fermentation by Saccharomyces cerevisiae OC-2, the wine containing 59Fe-labeled Fe(II) complexes was concentrated and subjected to column chromatography as schematized in Fig. 1 . Finally, seven fractions (designated A, Al, A2, A3, B, B1-c, B2) were obtained and subjected to examination. Of these fractions, Al, A2, B1 c, and B2 were previously found to be Fe(II) complexes, and Bl-c has the highest activity for Fe absorption and incorporation into hemoglobin as reported in the previous paper.15 ) Paper Electrophoresis of Fe Complexes The supporting medium used was filter paper No. 50 (Toyo Filter Paper Co.). Four unlabeled Fe fractions (Al, A2, Bl-c, B2) concentrated under reduced pressure were spotted on the paper. Electrophoresis was performed with an Atto SJ-1060 apparatus at 50 V/cm for 30 min in the following three buffer solutions: (a) 0.3 M formic acid-acetic acid buffer (pH 2.0); (b) 0.2 M acetic acid-Na acetate buffer (pH 3.8); and (c) 0.2 M acetic acid-Na acetate buffer (pH 5.6). Fe was detected by spraying with 0.35% o-phenanthroline-ethanol solution, and saccharides, by spraying with an alkaline solution of 0.1 M silver nitrate. As control substances, two Fe salts (FeCl3, FeSO4) were tested in a similar manner.
Solubility of Fe Complexes in Organic Solvents
The solubilities of four Fe fractions (Al , A2, B 1 -c, B2) in methanol, ethyl ether and isopropanol were determined. An aqueous solution of each unlabeled Fe fraction (20 pg as Fe) was poured into a round-bottomed flask and evaporated to dryness under reduced pressure. After addition of 10 ml of the solvent, the flask was shaken at room temperature for 1 h. The mixture was then centrifuged at 10000 rpm for 10 min, and the supernatant was filtered. The total Fe and Fe(II) concentrations in the filtrate were determined by the bathophenanthroline method.") Separately, methanol was added stepwise to an aqueous solution of Bl-c (40 pg Fe/m1) in an ice bath, so as to increase the alcohol content in the medium. A sample was taken at each step and centrifuged at 10000 rpm for 10 min at 4 °C, and the Fe concentration in the supernatant was determined by atomic absorption spectrometry to examine the stepwise precipitation of Bl-c.
Stability of Fe(II) in Fe Complexes to Oxidation in Aqueous Solution
The stability of Fe(II) in two Fe fractions (Bl-c, B2) to oxidation at various pH values was examined. An aqueous solution of each unlabeled fraction (20 pg Fe/ml) was used without pH adjustment (pH 5.5 for B 1-c, pH 4.0 for B2). Separately, Tris-HC1 (pH 7.0) at a final concentration of 50 mm or borax buffer (pH 10.0) at 25 mm was added to the aqueous solution of each fraction, and the pH of the solution was adjusted to 7.0 or 10.0 by dropwise addition of dilute NaOH solution with an Iwaki pH meter (model 225). As control solutions, FeSO4 solution was similarly adjusted to pH 5.5, 7.0 and 10.0 with phthalate (pH 5.5; final concentration, 25 mm), Tris-HC1 (pH 7.0; 50 mm) and borax buffer (pH 10.0; 25 mm). Each test or control solution was adjusted to the ionic strength of 0.08 with NaC1 and aerated with air (60 ml/min) for 10 min, and 2-ml portions were taken into 3-ml plastic syringes. After removal of the gas phase, the tip of each syringe was tightly sealed with a paraffin film, and the syringe was incubated at 25°C. After 2, 9 and 18 d of incubation, 0.5-ml samples were taken from each syringe and centrifuged at 10000 rpm for 10 min to obtain portions of the supernatants. The concentration of Fe contained in the soluble Fe(II) form was determined by the bathophenanthroline method.") pH Dependency of Fe Solubility in Aqueous Solutions of Fe Complexes "Fe-labeled Fe fractions A, A2, A3, B, B1 -c and B2 were used. "Fe-Fe compound (FeC13, ferric citrate, FeSO4, ferrous orothonate, ferrous ascorbate) solutions were prepared as reported previously") and used as the control solutions. Phthalate (pH 3-7), Tris-HC1 (pH 7-9) or borax buffer (pH 9-11) was added to each test or control solution at a final concentration of 25 mm (phthalate, borax buffer) or 50 mm (Tris-HC1). The pH of the solution was adjusted to 3-11 by dropwise addition of The chromatographic conditions are detailed in our previous report ') dilute NaOH solution with the Iwaki pH meter, and the ionic strength was adjusted to 0.08 with NaCl. The solution thus prepared was taken in a volume of 2 ml (1 iiCi/40 Fe/ml) and centrifuged at 10000 rpm for 30 min. "Fe radioactivities in the supernatant and precipitate were determined with an Aloka auto-gamma-well scintillation system. The results were expressed as percentage of "Fe solubility.
Characterization of Bl-c IR spectrometry was performed with untreated, methylated, and HC1-treated samples of B 1 -c by the KBr disc method. The instrument used was a JASCO FTS-20 infrared spectrophotometer (Fourier transform type). The methylation of B 1 -c was carried out by Hakomori's method,171 and the methylated product was used after purification through a Merck silica gel 7734 column. The HC1-treated sample was prepared as follows. An aqueous solution of Bl-c was adjusted to pH 1 by the dropwise addition of 1 N HC1 and allowed to stand at room temperature for 30 min. This solution was neutralized with silver carbonate, and the supernatant of the neutralized solution was concentrated under reduced pressure and used. The UV and visible spectra were determined with a Hitachi auto-recording spectrometer (model 200), and the elementary analysis (for C, H and N) was performed with a Perkin-Elmer 240 elementary analyzer. Colorimetry of oligosaccharide in B 1-c was carried out by the anthrone method,") and the amount of reducing sugars was determined, after hydrolysis of Bl-c in 1 N H2SO4 at 85 °C, by the Somogyi-Nelson method.19)
Results

Physicochemical
Properties of Fe Complexes
Paper Electrophoresis Figure 2 shows the relative mobilities of four Fe fractions (A 1, A2, B 1-c, B2) when the mobility of an inorganic Fe(II) salt (FeSO4) was taken as -1.0. All Fe fractions differed in electrophoretic behavior from inorganic Fe(II) and Fe(III) salts, with relative mobilities varying from fraction to fraction. Of the four Fe fractions, Al and A2 migrated to the anode at pH 3.8 and 5.6, in contrast to the inorganic Fe(II) and Fe(III) salts. These fractions moved to the cathode at pH 2.0, where the behavior of Al was consistent with that of the Fe(II) salt. Bl-c migrated to the anode in the pH range of 2.0-5.6; the order of its Methanol was added stepwise to an aqueous solution of Bl-c (40 pg Fe/ml). A portion of the mixture taken at each step was centrifuged at 10000 rpm for 10 min at 4 °C, and the Fe concentration in the supernatant was determined by atomic absorption spectrometry.
relative mobility was pH 5.6 > 3.8 > 2.0. At pH 2.0, the relative mobility of Bl-c was less than 0.1. Bl-c was further examined for saccharides, since the previous study had suggested that it might be a complex containing saccharides; a single spot was detected at pH 2.0-5.6, and this spot coincided with the Fe spot at all pH values. B2 moved slightly toward the cathode at pH 2.0, but it remained at the original position at pH 3.8 and 5.6.
Solubility in Organic Solvents Attempts were made to extract Fe from the four Fe fractions (Al , A2, Bl-c, B2) with three organic solvents. When diethyl ether and isopropanol were used as the solvents, Fe was not extracted from any fraction. In methanol, Al , A2, and Bl-c were not dissolved. In contrast, 80.7% of Fe in B2 passed into methanol, and almost all the Fe in B2 was found as Fe(II) in the solvent. Figure 3 presents the precipitation pattern of Fe in the aqueous solution of B 1-c (40µg g Fe /ml) to which methanol was added stepwise. The amount of Fe precipitate was the largest in the 50% alcohol mixture, and the total amount of Fe precipitate in the 33, 50 and 60% alcohol mixtures accounted for 88% of the total Fe used. These precipitates were dissolved by the addition of water, and 90% or more of the Fe in this solution was present in the Fe(II) form.
Stability of Fe(II) in Fe Complexes to Oxidation
The pH values of fractions Bl-c and B2 (20 ,ug Fe/nil) separated by column chromatography were 5.5 and 4.0, respectively. Table I presents the Fe(II) solubility in these fractions when they were incubated at 25 °C, without pH adjustment or after pH adjustment to 7.0 and 10.0.
In the Bl-c sample in which the pH was not adjusted (pH 5.5), the Fe(II) concentration remained nearly unchanged from the initial value even after 18 d of incubation; thus, the sample was fairly stable to Fe oxidation. The Bl-c samples adjusted to pH 7.0 and 10.0 were also stable, containing 85.2 and 72.8%, respectively, of Fe as Fe(II) after 18 d. In contrast, the B2 samples and the control (FeSO4) solutions were relatively unstable. In the B2 sample of pH 4.0 (not adjusted), the Fe(II) concentration after 18 d of incubation was 58.8% of the initial value, and in the sample adjusted to pH 7.0, the value was 34.1%; both values were far lower than those in the B 1 -c samples. At pH 10.0, the value was decreased to 8.2% after 18 d. The Fe(II) concentrations in the control solution of pH 5.5 were 87.7 and 54.8%, respectively, after 2 and 18 d of incubation. When the pH was increased to 7.0 and 10.0, the concentrations after 2 d were as low as 25.2 and < 0.5%, respectively.
The B 1 -c samples of pH 5.5 and 10.0 incubated for 18 d were applied to a Sephadex G-15 column, and their chromatographic patterns were compared with those of the unincu- 
bated sample (Fig. 4) . Both incubated samples showed a small peak around the Kd value of 0.6 which did not appear on the chromatogram of the unincubated sample. However, the chromatograms of these incubated samples showed a main Fe peak at almost the same Kd (about 0.2) as in the case of the unincubated sample, showing that more than 90% of Fe was eluted. pH Dependency of Fe Solubility in Aqueous Solution Figure 5 shows the changes in Fe solubility in aqueous solutions of 59Fe-labeled Fe fractions (A, B 1-c, B2) (40 jig Fe/nil) when the solutions were adjusted to pH 3-11; the results with the concentrated wine containing 59Fe-Fe complexes and the 59F-Fe compounds (ferrous ascorbate , FeSO4, FeCl3) are also shown in the figure.
In the inorganic Fe salt solutions, the Fe solubilities sharply decreased over pH 3 (FeC13) or pH 7 (FeSO4). Ferrous ascorbate was soluble even in the alkaline range, and at pH 11, the solution contained 79% of "Fe in the soluble form. In the solution of fraction A separated from wine, the Fe solubility markedly decreased over pH 4, and the 59Fe concentration at pH 11 was only 8% of the initial value. In contrast, Bl-c and B2 were stable in the alkaline range, and B 1 -c showed Fe solubility as high. as 90% even at pH 11.
The pH of the small intestine in the rat, a major Fe absorption site, is 6-8.4,20) On the assumption that the small intestinal pH is 7.5, the correlation was examined between the Fe solubility in various Fe compound solutions at this pH and the gastrointestinal Fe absorption after oral administration of the compounds. The Fe solubility of the, test compounds increased , sample adjusted to pH 1.0 with HCl. 1400 cm", and a broad band at 1000-1200 cm-1. In the spectrum of the methylated product, the absorption band due to the O-H stretching vibration nearly disappeared, and instead, the absorption due to the C-H stretching vibration around 2900 cm-1 was increased. The carbonyl absorption band was shifted from 1630 to 1740 cm-1 by methyl esterification of the carboxyl group. In addition, a strong absorption appeared at 1304 cm-1, but the absorption bands at 1000-1200 cm-1 remained almost unchanged. Fe was cleaved from B 1-c by the methylation, so that no Fe was detected in the extract from the methylated B 1-c sample. The Fe cleavage from B1-c also occurred on treatment with HCl, and the supernatant of the HCl-treated product after neutralization with silver carbonate contained no Fe. This was reflected in the spectrum by the shift of the carbonyl absorption band from 1630 to 1721cm-1.
UV and Visible Spectra The UV and visible spectra of an aqueous solution of B 1-c adjusted to pH 1 with HCl were compared with those of the nonadjusted solution (Fig. 8) .
The spectrum of the intact B 1-c sample showed a weak shoulder around 270 nm and a maximum absorption at 610 nm, while the B 1-c solution adjusted to pH 1 had no such shoulder or maximum absorption.
Elementary Analysis Table II shows The C, H and N contents were determined with an elementary analyzer (Perkin-Elmer type 240), and the Fe content was obtained by atomic absorption spectrometry. The 0 content was obtained by subtracting the other elemental weights from the sample weight. a) Relative number of atoms when the number of C is taken as 1.000. combustion method, and the Fe, by atomic absorption spectrometry. Bl-c contained neither S nor Cl when examined qualitatively by reaction with lead acetate and silver nitrate, respectively, and so its 0 content was obtained by subtraction of the other elemental weights from the sample weight. When the number of C atoms was taken as 1.000, the relative numbers of the other atoms were as follows: H, 1.721; 0, 0.925; Fe, 0.017; and N, trace.
Determination of Saccharides by Colorimetric Method Figure 9 shows the visible absorption spectra of B 1-c and various monosaccharides allowed to stand at room temperature for 1 h after reaction by the anthrone method. The monosaccharides used showed the following characteristic maximum absorptions, as reported2n: aldohexose (glucose) and hexose (fructose), at 620-630 nm (green); aldopentose (arabinose), at about 510 and 650 nm (brown); and uronic acid (galacturonic acid), at about 560 nm (purple). B 1 -c showed a spectrum combining the characteristics of several monosaccharides; that is, B 1-c developed a brownish green color, with maximum absorptions at about 510 and 590 nm. Table III shows the amount of reducing sugars of Bl-c in 1 N H2SO4 incubated at 85 °C. The amount of reducing sugars (A) increased as Bl-c was hydrolyzed by H2SO4, and reached about 5 times the initial value at 3 h after the start of incubation. The total saccharide content (B) in the mixture, which was concurrently determined by the anthrone method, showed a tendency to decrease with time. The amount of reducing sugars per unit of saccharides (A/B) at 3 h was about 6 times the initial value.
Discussion
It has been qualitatively shown that most Fe in wine is present as organic complexes.22, 23) Our previous15) and present studies showed that the paper chromatographic and electrophoretic behaviors of the four main Fe fractions separated from wine (Al , A2, B 1-c, B2) were different from those of inorganic Fe(II) and Fe(III) salts, suggesting that they may be Fe(II) complexes having different properties. When these Fe complexes were orally given to rats in the previous study,15) Fe absorption and incorporation into hemoglobin varied greatly from complex to complex, and B 1-c showed the highest activities. This variation was presumed to be due to the differences in physicochemical properties.
One of the most important factors affecting the gastrointestinal Fe absorption is the solubility of an Fe compound in the small intestine, a major Fe absorption site,' -3) and many reports4, [8] [9] [10] [11] [12] therefrom. This suggests that the variation in Fe absorption among the Fe complexes and salts can be explained by the differences in Fe solubility at the physiological pH. Furthermore, B1-c was found, by electrophoresis and stability examination, to retain its structure as a complex even at acid and alkaline pH and to be stable to Fe oxidation. These findings suggest that when an Fe complex such as B1-c is given orally, the structure of complex may be relatively stable to the pH changes from the stomach to the small intestine and to contact with various oxidants in the intestine. In addition, the Fe in the complex is considered to be little affected by endogenous or exogenous ligands (phosphoric acid, phytic acid, proteins, etc.) that tend to inhibit Fe absorption.1-3, 13, 14) Accordingly, these luminal factors seem to be important for the high Fe absorption from B1-c.
The present study showed that there were differences in Fe absorption among the Fe compounds having approximately 100% Fe solubilities at pH 7.5. This result suggests that mucosal factors such as the Fe transport mechanism in the intestine and the kinetic parameters of the transport also affect the Fe absorption from the Fe complexes. A further study on the process of Fe transport in the intestine will be necessary to elucidate the reasons for the high activity of the wine-derived Fe complex, B1-c, in Fe absorption.
When B1-c was examined by electrophoresis, Fe and saccharides were each detected as a single spot and coincided completely. These results indicate that B1 -c might be a single complex of Fe(II) and saccharides. The ligand of this complex was considered to be an oligosaccharide having an alcoholic hydroxyl group and a carboxyl group, from the IR spectra of the intact Bl-c sample and its methylated and HCl-treated products. In addition, the elementary analysis of B1-c showed that it had a C : H ratio of 1: 1.7. When the value obtained by subtracting the total percent weight of C, H, N and Fe contents from 100 was taken as the O content (50.76%), the C : H : O ratio was about 1: 1.7 : 1. This result also suggests that the ligand is an oligosaccharide. The colorimetric results and the increase in amount of reducing sugars after hydrolysis of B1 -c suggest that this oligosaccharide may be composed of heterogenous monosaccharides and have a polymerization degree of over 6. Thus, the results support our previous estimate that the molecular weight of Bl-c might be about 1500. 15) 
